Ferritin is a multimeric nanocage protein that directs the reversible biomineralization of iron. At the catalytic ferroxidase site two iron (II) ions react with dioxygen to form diferric species. In order to study the pathway of iron(III) from the ferroxidase site to the central cavity a new NMR strategy was developed to manage the investigation of a system composed of 24 monomers of 20 kDa each. The strategy is based on 13 C-13 C solution NOESY experiments combined with solid-state proton-driven 13 C-13 C spin diffusion and 3D coherence transfer experiments. In this way, 75% of amino acids were recognized and 35% sequence-specific assigned. Paramagnetic broadening, induced by iron(III) species in solution 13 C-13 C NOESY spectra, localized the iron within each subunit and traced the progression to the central cavity. Eight iron ions fill the 20-Å-long iron channel from the ferrous/dioxygen oxidoreductase site to the exit into the cavity, inside the four-helix bundle of each subunit, contrasting with short paths in models. Magnetic susceptibility data support the formation of ferric multimers in the iron channels. Multiple iron channel exits are near enough to facilitate high concentration of iron that can mineralize in the ferritin cavity, illustrating advantages of the multisubunit cage structure.
F
erritins are a family of protein nanocages that concentrate iron in biominerals for controlled release and use in enzyme iron cofactors. A large cavity that occupies about 30% of the total protein volume at the center of the cage is the mineralization site of ferritin ferrihydrite. The importance of ferritin is illustrated by embryonic lethality of gene deletion in mammals (1) and resistance to oxidants in animals, plants, bacteria, and archea that reflects consumption of iron(II) and dioxygen or hydrogen peroxide (2) (3) (4) (5) . Some classes of nanomaterials use ferritin nanocages as templates (6) . The protein nanocages self-assemble from fourhelix-bundle subunits into cages of two sizes: 12-subunit, hydrogen peroxide-consuming miniferritins of bacteria and archea, and 24-subunit maxiferritins of archea, bacteria, and higher organisms (3, 4, 7) . Miniferritins may be the more primitive and are alternatively named DNA-binding proteins because some of them coat DNA.
The first step in the conversion of iron(II) and dioxygen to ferric oxide mineral, in the 24-subunit maxiferritins, occurs at catalytic oxidoreductase (ferroxidase) sites in the center of each of the four-helix bundles, which have long axes oriented almost parallel to the protein surface (Fig. 1A) . Each active site has residues contributed by each of the four helices (Fig. 1B) that create a diiron(II) site similar to the diiron cofactor sites in ribonucleotide reductases and stearoyl desaturases (8) . When dioxygen, the second substrate, binds to the active site after iron(II) binding, diferric oxo products form via a diferric peroxo intermediate. The active site has been studied extensively, e.g., with ferrous ion substrate analogues in cocrystals, subtractive mutagenesis, and protein chimeras (4, (8) (9) (10) (11) (12) , although little is known about where the ferroxidase products are until they appear in the mineral in the protein cavity. Simple inspection of the protein cage does not show an obvious path from the active site to the mineralization cavity. Therefore, we sought the path by NMR spectroscopy by taking advantage of the paramagnetic effects induced by the iron(III) species released at the catalytic site, on the resonances of nearby residues. 13 C- 13 C NOESY experiments acquired in solution with increasing ratios of iron:protein were combined with sequence-specific assignments of the protein residues distributed throughout the ferritin subunits (Fig. 1C) . Partial sequencespecific assignments for the iron-free protein cage used data from our earlier side-chain identification in solution (13) and a unique approach where solid-state and solution NMR data were combined to overcome the spectroscopic problems for a protein of the size of ferritin (480 kDa). Representation of the fourhelix-bundle subunit NMR-assigned residues (blue spheres) and ferroxidase residues (red spheres). (C) Primary and secondary structures of frog M ferritinferroxidase site residues (red font), NMR sequence-specific assigned residues (blue font), α-helices (bars), and loops (broken lines).
Results
A homopolymeric, 24-subunit ferritin cage was studied, the recombinant protein composed of catalytically active M subunits (175 amino acids each) from R. catesbeiana. This protein has been extensively used as a model for oxidoreductase activity (4) . Given the homooligomeric nature of this ferritin and the symmetry properties of the cage (Fig. 1A) , the number of NMR resonances in the spectra of this large protein assembly corresponds to that of a single subunit. However, the unequivocal identification of the signals of amino acids to be used as probes for the paramagnetic effects required the development of a unique NMR approach because of the high molecular weight of the assembled protein (480 kDa).
The large size of ferritin causes slow tumbling of the molecule in solution and prevents 1 H NMR signal detection. We applied 13 C-13 C NOESY in solution for the identification of about 75% of amino acid spin systems (13) . On the other hand, slow molecular tumbling induces rapid transverse relaxation and hampers solution NMR experiments for sequence-specific assignment based on coherence transfer. Immobilization of the protein in the solid state overcomes the problems arising from the rapid transverse relaxation, and magic angle spinning (MAS) solid-state NMR (14, 15) provided relatively well-resolved spectra ( Fig. 2A) . The 13 C-13 C correlation solid-state experiments, proton-driven spin diffusion (PDSD) (16) or the dipolar assisted rotational resonance (DARR) (17), and the 13 C-13 C solution NOESY ( Fig. 2A) , are very similar and provide the same kind of information about spin patterns because the experiments are all based on spin diffusion effects along amino acid side chains. A 3D N i -Cα i -CX i spectrum (18) confirmed the intraresidue connectivities from solution 13 C-13 C NOESY and enables the identification of the intraresidue backbone amide nitrogen.
Sequential assignments were first obtained through a 3D N i -C 0 i−1 -CX i−1 spectrum (18) using a process that requires linking spin systems in the two spectra by matching 15 N shifts, an approach that in ferritin suffers from the large degeneracy in 15 N chemical shifts due to the four-helix-bundle structure (19). More effective was a 3D Cα iþ1 -N iþ1 -C 0 i spectrum (18) that provides direct connectivities between these backbone atoms on adjacent residues (Figs. S1-S3). As a result, 59 residues, distributed throughout each subunit, were sequence-specific assigned ( Fig. 1B and C) . The chemical shift index is consistent with their location on the expected secondary structure elements, while the use of ferritin expressed in ½2-13 C-labeled glycerol confirmed the chemical nature of the observed residues (20). The transfer of sequence-specific assignments derived from solid-state data to the solution 13 C-13 C NOESY is relatively straightforward if one takes into account the deuterium isotope shift (21-23) and overlays the spectra searching for the best superimposition of the aliphatic region ( Fig. 2A) , which is characterized by a good resolution both in solution and in the solid state. Our strategy is based on the recognition of side-chain spin patterns. The several factors that affect the completeness of the assignment are (i) the intrinsically low chemical shift dispersion related to the fourhelix-bundle structure of the monomers (19); (ii) the primary sequence of ferritin (Fig. 1C) , which has large numbers of residues of the same type (the most abundant amino acids are 19 Leu, 18 Glu, 13 Lys, and 13 Asp, and account for 36% of the total amino acids); (iii) the extremely narrow distribution in 13 C chemical shifts within each of the most abundant amino acids and within the Lys/Leu and Glu/Asp groups; and (iv) the difficulty in discriminating between Glu and Gln and between Asp and Asn. More extensive assignments will require repetition of the experiments using samples prepared with selective "unlabeling" of different amino acids (24) and is beyond the scope of this article. Nevertheless, the present results represent a large step forward in the assignment of big molecular complexes.
The location of the assigned residues on different structural elements (Fig. 1B and C) makes the group of 59 identified residues structurally representative. Many of the assigned residues (62%) are on protein loops because of the intrinsically lower chemical shift dispersion characteristic of amino acids located on the α-helices (19). However, residues assigned on α-helices are distributed throughout the subunit: helix 1-residues 10, 11, 14-16, 26, 27, 31, and 32; helix 3-117, 118, and 119; helix 4-141, 144-146, and 148-151; and helix 5-161, 163, and 167-169. The set of signals for the sequence-assigned amino acids was used to monitor the fate of the iron(III) products in solution after iron(II) is added and reacts with dioxygen at the active sites.
When iron(II) and oxygen substrates are converted to ferric species in ferritin, selective changes are observed of the 13 C-13 C solution NOESY (Fig. 2B) . The titration used saturating amounts of ferrous substrate for each catalytic cycle, beginning with the addition of 48 atoms of iron(II) per ferritin nanocage, i.e., 2 iron(II) ions per ferroxidase site. The iron(II) ions and oxygen substrates are immediately converted into iron(III) species, which is accompanied by the disappearance of some resonances in well-resolved spectral regions, well outside the noise level in the spectrum of the apoprotein. This behavior is consistent with the presence of paramagnetic species that cause broadening beyond detection of resonances of nearby residues (25). Except for the disappearance of a few cross peaks, the 13 C-13 C NOESY spectra are identical with and without iron(III), indicating localized paramagnetic effects. Good indicators of the location of the product are provided by the well-resolved side-chain peaks of isoleucine residues; all four of the isoleucines present in ferritin are assigned. Among the four isoleucine residues, only the resonances of the side chain of I144 disappeared at this stage of the titration, indicating that the ferric products leave the catalytic site and migrate toward a new site close to I144, which has a side chain protruding toward the interior of the helix bundle. I141, by contrast, adjacent to the ferroxidase site and unaffected at this stage of the titration, has a side chain directed toward the exterior of the bundle, toward the internal cavity of the cage. Paramagnetic broadening is also induced in A26, another residue near the active site with a side chain pointing toward the interior of the bundle. These effects suggest that the ferric products leave the catalytic site and move inside the four-helix bundle, from the ferroxidase site toward the short fifth helix at the C-terminus of each subunit (Fig. 3A) . Addition of another two iron ions per active site, for a total of 96 per nanocage, affects a larger number of residues. Besides I144 and A26, W89, T92, I148, and L156 are also broadened beyond detection (Fig. 3A) . The side chains of these residues, as for A26 and I144, are located inside the helix-bundle but farther from the ferroxidase site. Adding a total of four more iron ions per active site, in two additions, for a total of 192 iron atoms per nanocage, results in the disappearance of additional resonances, e.g., T149 and L154 (Fig. 3A) . These residues, however, are located outside the helix bundle at the junction of the channel with the inner surface of the mineralization cavity and probably represent the gate for iron exit from the channel into the internal protein cavity. T149 and L154 are also at interfaces with other subunits, and, at this level of the titration, other residues in close contact to iron(III) complexes are in different subunits. For example, the resonances of V42 in one subunit, which is almost in contact with T149 on a perpendicular subunit (Fig. 3B) , disappear. The relative position of the subunits in the protein architecture is such that multiple exits are close enough to nucleate mineralization inside the central compartment through fusion of the emerging products (Fig. 3C) .
The first addition of iron (48/nanocage; 2/active site) causes no hyperfine shift in any of the resolved resonances, consistent with the presence of iron(III) species characterized by low anisotropy, which are incapable of influencing nuclei at distances larger than those broadened beyond detection. With 96-192 iron atoms a few resonances experience small chemical shifts (≤0.2 ppm). These signals belong to amino acids that have some signals broadened by paramagnetic effects or that are close in space to amino acids with signals broadened beyond detection.
To explore the nuclearity of the ferric products in ferritin after oxidation of iron(II), bulk magnetic susceptibility in solution was measured at different steps in the iron titration (Fig. 3D, Table S1 ), by the Evans method (26, 27). The species formed upon addition of the first two irons per active site has an effective magnetic moment μ eff of 4.49 AE 0.22 μ B , i.e., significantly lower than expected for two noncoupled high-spin iron (III) centers (4.5 μ B vs. 8.3 μ B ) and indicative of the presence of an antiferromagnetically coupled dimer (28, 29), as also observed by Mössbauer spectroscopy (30). The small magnetic susceptibility is consistent with a μ-oxo complex (28). This species accounts for the observed paramagnetic line broadening on nearby residues (estimated to be within 5-6 Å). Addition of the second two irons per active site is associated with a μ eff of 5.61 AE 0.28 μ B , i.e., an average μ eff of 1.40 AE 0.07 μ B per iron. The decrease in the average μ eff per iron atom from 2.24 AE 0.11 μ B to 1.40 AE 0.07 μ B suggests the presence of a four-iron (III) cluster with antiferromagnetically coupled metal ions. The presence of four-iron ions induces paramagnetic line broadening of a greater number of amino acids, as observed in Fig. 3A .
Further additions of pairs of iron atoms per active site are accompanied by a continual increase in total μ eff and decrease in the average μ eff per iron atom, as expected for antiferromagnetically coupled clusters of increasing nuclearity. The μ eff of 7.85 AE 0.39 μ B obtained with 8 iron/subunit is comparable to the value reported for the Fe 8 ðμ 4 -OÞ 4 cluster (31).
Insights on the kinetics of products formation could be obtained with Evans measurements as a function of time. The magnetic moments in Fig. 3D are equilibrium values (Table S2) . Equilibration of the dimeric ferric products produced by the first equivalent of iron is fast (about 1.5 h). As more iron(II) is added, there is an initial increase in magnetic susceptibility attributable to the formation of a new dimer, followed by a slow decrease until 
Discussion
Protein nanocages are subcellular compartments for chemical reactions; an example is provided by ferritin that concentrates iron in a solid mineral. Formation of ferryhydrite mineral through hydrolysis occurs in the protein cavity and is a well-studied inorganic reaction. In ferritin, water is coordinated to iron in diiron sites or to other metals bound at the active sites (4, 8) , but where or when the water participates in hydrolytic coupling among the ferric oxo mineral precursors is unknown. Moreover, little direct structural information is available about ferrous ions moving within the cage after entering at pores near the threefold axes (32) to the active sites buried in the center of four-helix bundles of each subunit or, until this study, how the diferric products leave the active site and move to the cavity. The NMR approach of combining solid-state experiments for partial sequence-specific assignment and solution 13 C-13 C NOESY spectra for side-chain observation has provided the identification of an iron channel that guides the directional transport of the multimeric iron(III) products from the active site toward the nanocage. The four-helix-bundle structure of the ferritin subunits provides the scaffold that hosts the ferroxidase sites and also guides the catalytic products toward the mineralization site. Based on the observed paramagnetic effects on residues lining the internal face of the four-helix bundle, the functional channel corresponds to the interior of the fourhelix bundle. Iron catalytic products proceed along the 20-Å-long path inside the four-helix bundle of each subunit, roughly parallel to the protein surface, until they reach the C-terminal edge, where the short fifth helix, angled about 60°from the axes of the bundle, creates a kink that may guide the iron(III) clusters into the mineralization cavity. The iron channel we observed is much longer than current models, which predict a short hop across the protein cage, between the active site and the cavity.
Formation and migration of ferric products at the active sites of the 24 subunits appear to be synchronized in all the subunits at all titration steps. After the first catalytic turnover (2Fe/catalytic center), the iron(III) complexes have only moved a few angstroms into the channels from the active centers. Two Ile residues are close to the active site, I141 and I144, with I141 closer to the metal ions at the catalytic center. (Distances between the metal ion coordinated to Asp140/Gln137/Glu103 and I141 nuclei are Cα 7.7 Å, Cβ 8.0 Å, Cδ1 7.6 Å, and Cγ1 7.1 Å, whereas distances between the same metal ion and I144 are Cα 10.2 Å, Cβ 9.2 Å, Cδ1 7.1 Å, and Cγ1 8.2 Å; PDB 1MFR.) If the iron (III) ions produced at the catalytic site maintained the same coordination of the ferrous substrate, I141 should be more affected by the paramagnetic effects. However, resonances of I141 are unchanged while those of I144, further from the active site, are broadened beyond detection. A possible driving force for the change in the coordination environment of the iron upon oxidation may be interaction with Y30 and H54; distances between the metal ion coordinated to Asp140/Gln137/Glu103 in the active site and potential donor atoms of these residues are: Y30 Oη 5.9 Å; H54 Nδ1 4.8 Å, and Nε2 6.1 Å (PDB 1MFR). Migration of the iron(III) products from the active site, which as we now know occurs inside the long channel of each subunit, is required to complete turnover at the active site. In the channel, a coordination site with different affinities for substrate ferrous (lower than the active site) and ferric product (higher than the active site) is needed for the migration of the diferric species. This mechanism is consistent with the reported tenfold reduction in iron oxidation rate upon substitution of Tyr with Phe at position 30 (33) . When a second equivalent of iron(II) is added (2 irons/active site), NMR showed paramagnetic species penetrating further into the subunit channels. In addition, the resonances of A26 and I144 remained broadened beyond detection, suggesting that the second cycle of diferric products are at the same site of the diferric products from the first catalytic cycle. The ferritin iron channels contain the products of up to four catalytic turnovers before iron reaches the central cavity. Equilibrium among different coordination states, with comparable and possibly increasingly lower affinity, is needed for the migration of the iron(III) species, when new diferric products are formed and released at the active site.
The magnetic susceptibility data suggest interactions between diferric reaction products in the protein channels and indicate iron aggregation in the protein cage. Newly formed iron(III) dimers from the active site, upon addition of more iron(II) equivalents, react with earlier iron(III) products, on a time scale of the order of several hours, possibly by hydrolysis of water coordinated to ferric ions. The time required may reflect the slow kinetics of ligand exchange typical of iron(III), and may be ascribed to the establishment of interactions, although weak, between the ferric products and the several potential ligands present in the channel. In addition to the already discussed Y30 and H54, other potential ligands are M33, T92, M96, E163, and S170.
The exits of the ferritin channels, where iron(III) catalytic products migrate from active sites to the cavity, are close enough, one to the other, to promote fusion/hydrolysis of the emerging multimeric iron(III) complexes into larger biomineral. The multisubunit structure of ferritin and the symmetry properties of the protein nanocage, thus, are essential elements for the concentration of iron products in the nanocage cavity.
Materials and Methods
Protein Expression and Purification. Frog (R. catesbieana) M ferritin protein was expressed from a pET3a plasmid (33) . Uniformly 13 C, 15 N-labeled protein for solid-state and 2 H, 13 C, 15 N-labeled protein (deuteration > 90%) for solution studies were expressed in minimal medium with label algal hydrolysate as described in (13) . Unlabeled protein was used for Evans magnetic susceptibility measurements. A (½2-13 C glycerol, 15 N) ferritin sample was prepared according to the published procedure (17).
Protein Crystallization for Solid-State NMR. A reaction tube was filled with 1 mL of a solution of PEG 3350 at 25% wt∕vol in Na 2 CO 3 100 mM pH 6.5. A 0.2-mL drop of 40 mg∕mL ferritin was deposited on the upper surface of this solution. The solution was kept at room temperature for 24 h before the precipitate was separated by centrifugation. In this form, about 50 mg of protein was transferred into a 4-mm MAS rotor.
MAS NMR Spectra. All the NMR experiments were performed at a field of 16.4 T (700 MHz 1 H Larmor frequency, 176.0 MHz 13 C Larmor frequency) on a Bruker Avance 700 wide-bore spectrometer equipped with a 4-mm CP-MAS probe. All the experiments were acquired at MAS frequency of 9 kHz. Accurate determination of sample temperatures in solid-state NMR with MAS is known to be problematic, mainly due to frictional and RF heating that make the internal sample temperature significantly different from the measured temperature outside the MAS rotor (34) . In order to define the best temperature for our measurements we acquired preliminary data over the 273-to 298-K range of measured temperature values outside the MAS rotor. The best resolution, signal-to-noise, and agreement with solution chemical shift values occurred for data acquired at a measured temperature of 298 K. Standard sequences were used. In all experiments a ramped cross polarization (CP) from protons was used (35) . The relaxation delays were of 3-4 s. Acquisition times in the direct dimension were in the range of 15-35 ms. For 2D 13 C-13 C correlation experiments, PDSD and DARR were employed for 13 C-13 C mixing (16, 36) . For the 15 N-13 C correlation experiments (NCO providing N i C 0 i−1 correlations and NCA providing N i Cα i correlations) a double CP (37) sequence was utilized, in which the 15 N-13 C transfer was achieved using the tangent amplitude modulated pulse on 13 C channel. The above mentioned building blocks (NCO or NCA and DARR) were combined to obtain the 3D N i -Cα i -CX i (NCACX) and 3D N i -C 0 i−1 -CX i−1 (NCOCX) experiments (18). Finally, a 3D Cα i -N i -CX i−1 (CANCO) experiment (18) was acquired. For 2D DARR experiments, mixing times of 20 and 40 ms were used. The 1 H radiofrequency field strength during mixing was matched to the MAS speed to satisfy the n ¼ 1 condition. Each 2D 13 C-13 C spectrum was acquired with 32 scans, 3744 points in the direct dimension, and 1024 experiments in the indirect dimension and spectral widths of 305 × 305 ppm. The 2D NCO and NCA experiments were acquired with 256 scans, 512 points in the direct dimension, and 160-256 experiments in the indirect dimension and spectral widths of 149 × 141 ppm, respectively. The 3D NCACX and 3D NCOCX were recorded with 32 scans, 2710 points in the direct dimension, 80 experiments in the 15 N indirect dimension, and 64 in the 13 C indirect dimension (spectral widths of 354 × 45 × 20 ppm). Both were acquired with a 22-ms DARR mixing time. The 3D CANCO was recorded with 128 scans for each experiment, 2710 points in the direct dimension, 32 experiments in the 15 N dimension, and 54 in the 13 C indirect dimension (spectral widths of 354 × 45 × 30 ppm). All pulse sequences were implemented with 100-kHz spinal 64 1 H decoupling (36) during indirect evolution and acquisition periods.
Spectra were processed with the program TopSpin (Bruker). The 2D and 3D maps were analyzed with the CARA program (38) .
Solution NMR. 13 C-13 C NOESY. Ferritin solutions, 3 mM in subunits (125 μM in nanocages) in 100-mM MOPS, pH 7.0, were used to acquire 13 C-13 C NOESY maps (13, 39) at increasing iron concentrations. Freshly prepared solutions of ferrous sulfate in 1-mM HCl were added to the protein solution at a ratio of 2 iron atoms∕active site (48 iron atoms/protein nanocage). The conditions were comparable to those used previously for solution Mössbauer and EXAFS spectroscopies (40, 41) , which showed complete and fast oxidation of iron. In order to facilitate homogenous diffusion of iron and oxygen, protein samples were titrated according to the following procedure: (i) taking out the sample from the NMR tube, (ii) adding the iron(II) solution and gently pipetting up and down the entire solution, and (iii) spinning the solution. EXAFS data (to be published) confirmed that the iron products obtained with this procedure were all in the iron(III) oxidation state. Our samples were incubated at 298 K for 2 d before collecting the 13 C-13 C NOESY spectra. After measurements were made on the sample with 48 iron atoms/nanocage, a second aliquot of 2 iron atoms/active site was added and the process repeated until 192 iron atoms/nanocage were analyzed through the 13 C-13 C NOESY. The 13 C-13 C NOESY maps at each step of the titration were acquired on a 16.4-T Bruker AVANCE 700 spectrometer equipped with a triple-resonance observe cryoprobe optimized for 13 C direct detection, at 298 K, using two different mixing times: 500 ms on the full spectral width (200 ppm), for 18 h, and 150 ms on the aliphatic region (90 ppm) in order to increase resolution, for 16 h to achieve good signal-to-noise ratios.
Magnetic Susceptibility Measurements. The magnetic susceptibility of ferritin with increasing amounts of iron was measured by the modified Evans method (26, 27) as previously reported (42) . Coaxial NMR tubes were used with tert-butyl alcohol and 1,4-dioxane as internal references. The paramagnetic and diamagnetic protein samples were prepared from the same stock solution, i.e., 320 μM in subunit monomer (13.3 μM in protein nanocages) in 100 mM of MOPS, pH 7 with 5 mM of tert-butyl alcohol and 5 mM of 1,4-dioxane. The protein solution was split into two aliquots. The inner capillary contained the diamagnetic apoferritin solution. Freshly prepared solutions of ferrous sulfate in 1 mM of HCl were added to the second aliquot of ferritin in steps of 2 iron/active site (48 iron atoms/protein nanocage) in the outer tube. Addition of iron to the protein solution followed the procedure described for the 13 C-13 C NOESY. Ten additions of two iron(II)/subunit (up to a total of 20 iron atoms/subunit) were analyzed. The shifts of the proton signals of the two reference molecules were measured on the 16.4-T Bruker AVANCE 700 spectrometer (the same used for 13 C-13 C NOESY) at 298 K. The set of Evans measurements was repeated twice. An additional set was measured on the 18.7-T Bruker AVANCE 800 spectrometer. The inner-outer tube peak separation (Δδ, expressed in ppm) for each standard was measured and assigned to the bulk susceptibility shift. The paramagnetic contribution to the molar susceptibility of the solute (χ PARA M ) was related to the bulk susceptibility shift Δδ as indicated in the following equation:
; [1] in which C M is the millimolar concentration of the protein and χ PARA M is given in m 3 mol −1 . The magnetic moment in solution (μ eff ) was then calculated according to Eq. 2:
where k is the Boltzman constant, T is absolute temperature, N A is Avogadro's number, and μ 0 is the vacuum permeability. Fig. S2 , but for sake of clarity, only the NCOCX and CANCO strips are shown.
